The abuse of psychoactive 'bath salts' containing cathinones such as 3,4-methylenedioxypyrovalerone (MDPV) is a growing public health concern, yet little is known about their pharmacology. Here, we evaluated the effects of MDPV and related drugs using molecular, cellular, and whole-animal methods. In vitro transporter assays were performed in rat brain synaptosomes and in cells expressing human transporters, while clearance of endogenous dopamine was measured by fast-scan cyclic voltammetry in mouse striatal slices. Assessments of in vivo neurochemistry, locomotor activity, and cardiovascular parameters were carried out in rats. We found that MDPV blocks uptake of [ . In contrast to other psychoactive cathinones (eg, mephedrone), MDPV is not a transporter substrate. The clearance of endogenous dopamine is inhibited by MDPV and cocaine in a similar manner, but MDPV displays greater potency and efficacy. Consistent with in vitro findings, MDPV (0.1-0.3 mg/kg, intravenous) increases extracellular concentrations of dopamine in the nucleus accumbens. Additionally, MDPV (0.1-3.0 mg/kg, subcutaneous) is at least 10 times more potent than cocaine at producing locomotor activation, tachycardia, and hypertension in rats. Our data show that MDPV is a monoamine transporter blocker with increased potency and selectivity for catecholamines when compared with cocaine. The robust stimulation of dopamine transmission by MDPV predicts serious potential for abuse and may provide a mechanism to explain the adverse effects observed in humans taking high doses of 'bath salts' preparations.
INTRODUCTION
The non-medical use of synthetic designer drugs is increasing on a global scale (Carroll et al, 2012; Hill and Thomas, 2011) . In particular, synthetic analogs of the plantderived stimulant cathinone are being sold online and in retail shops as legal alternatives to illicit drugs like cocaine, amphetamine, and 3,4-methylenedioxymethamphetamine (MDMA; Ross et al, 2011; Spiller et al, 2011) . Products containing synthetic cathinones are given innocuous names such as 'bath salts' or 'plant food' and are often labeled 'not for human consumption'. Although some cathinone derivatives are legal and can be sold without penalty, three of the most popular drugs of this type-3,4-methylenedioxypyrovalerone (MDPV), 4-methylmethcathinone (mephedrone), and 3,4-methylenedioxymethcathinone (methylone)-have been classified as Schedule I-controlled substances in the United States (DEA, 2011) . All three of the Schedule I cathinones, depicted in (Figure 1 ), have been identified in bath salts products (Ross et al, 2011; Spiller et al, 2011) , but MDPV is the chief substance found in the blood and urine from patients exposed to bath salts who are admitted to emergency departments in the United States (Borek and Holstege, 2012; Kyle et al, 2011; Murray et al, 2012; Spiller et al, 2011) . The available evidence suggests that MDPV is a primary culprit in mediating adverse effects of bath salts products.
Anecdotal clinical reports indicate that recreational doses of MDPV produce euphoria and increase alertness (Psychonaut, 2009) , whereas high-dose exposure causes serious adverse effects, including agitation, psychosis, tachycardia, and even death (Borek and Holstege, 2012; Kyle et al, 2011; Murray et al, 2012; Ross et al, 2011; Spiller et al, 2011) . Despite the widespread use of MDPV, no information is available regarding its molecular mechanism of action. Older literature demonstrates that pyrovalerone, a compound with structural similarity to MDPV, displays amphetamine-like stimulant properties in rodents (Fauquet et al, 1976; Vaugeois et al, 1993) and humans (Goldberg et al, 1973; Holliday et al, 1964) . Bonnet and colleagues (Heron et al, 1994; Tidjane Corera et al, 2001) showed that pyrovalerone is a dopamine uptake blocker that interacts with transporter proteins in a manner similar to cocaine. Meltzer et al (2006) confirmed that pyrovalerone and several of its analogs are potent inhibitors of dopamine transporter (DAT) binding and uptake, but the effects of MDPV were not examined. Two recent reports show that MDPV has locomotor-stimulant effects and is readily selfadministered in rodents (Huang et al, 2012; Watterson et al, 2012) , but neither of those investigations addressed a potential mechanism of action for the drug. Based on the known pharmacology of pyrovalerone, and the findings of Meltzer et al (2006) we used in vitro and in vivo methods to test the hypothesis that MDPV interacts with DATs, norepinephrine transporters (NET), and serotonin transporters (SERT) in brain tissue. Our data demonstrate that MDPV is a catecholamine-selective transporter blocker that displays greater potency than the prototypical transporter blocker cocaine.
MATERIALS AND METHODS

Drugs and Chemicals
Chemical structures of the drugs tested in this study are depicted in Figure 1 . MDPV, (±)-4-methylmethcathinone HCl (mephedrone), and ( ± )-3,4-methylenedioxymethcathinone HCl (methylone) were synthesized in racemic form in our laboratories. Chemical and structural analysis included proton nuclear magnetic resonance, gas chromatography/ mass spectrometry, thin layer chromatography, and melting point determination. All data confirmed the expected structures. ( þ )-Amphetamine HCl (amphetamine) and ( À )-cocaine HCl (cocaine) were obtained from the pharmacy at the National Institute 
Animals
Male Sprague-Dawley rats weighing 300-400 g and male CB57/BL6 mice weighing 25-35 g were housed under conditions of controlled temperature (22 ± 2 1 C) and humidity (45 ± 5%), with food and water freely available. Rats and mice were maintained in facilities accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care, and procedures were carried out in accordance with the Animal Care and Use Committee of the NIDA IRP. Lights were on from 0700-1900 h and experiments were carried out between 0900-1500 h.
In Vitro Uptake and Release Assays in Synaptosomes
Rats were euthanized by CO 2 narcosis, and the brains were processed to yield synaptosomes as previously described (Rothman et al, 2001; Rothman et al, 2003b 3 H]serotonin were used to assess transport activity at DAT, NET and SERT, respectively. The selectivity of uptake assays was optimized for a single transporter by including unlabeled blockers to prevent the uptake of [ 3 H]transmitter by competing transporters. Uptake inhibition assays were initiated by adding 100 ml of tissue suspension to 900 ml Krebs-phosphate buffer (126 mM NaCl, 2.4 mM KCl, 0.83 mM CaCl 2 , 0.8 mM MgCl 2 , 0.5 mM KH 2 PO 4 , 0.5 mM Na 2 SO 4 , 11.1 mM glucose, 0.05 mM pargyline, 1 mg/ml bovine serum albumin, and 1 mg/ml ascorbic acid, pH 7.4) containing test drug and [ 3 H]transmitter. Uptake inhibition assays were terminated by rapid vacuum filtration through Whatman GF/B filters, and retained radioactivity was quantified by liquid scintillation counting. For release assays, 9 nM [ 
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All buffers used in the release assay methods contained 1 mM reserpine to block vesicular uptake of substrates. The selectivity of release assays was optimized for a single transporter by including unlabeled blockers to prevent the uptake of [ 3 H]MPP þ or [ 3 H]serotonin by competing transporters. Synaptosomes were preloaded with radiolabeled substrate in Krebs-phosphate buffer for 1 h (steady state). Release assays were initiated by adding 850 ml of preloaded synaptosomes to 150 ml of test drug. Release was terminated by vacuum filtration and retained radioactivity was quantified as described for uptake inhibition.
Efflux Assays in Cells Expressing DAT and SERT
HEK293 cells stably expressing either the human DAT or SERT were used for efflux studies (Sucic et al, 2010) . The cells were cultivated on 10-cm dishes in medium complemented with fetal calf serum (10%), L-glutamine (1%), glucose (4.5 mg/ml), and gentamycin (50 mg/ml) at 37 1C, 95% humidity, and 5% CO 2 . For superfusion experiments (Scholze et al, 2000) , cells (20 Â 10 5 ) were seeded on 5-mm glass coverslips coated with poly-D-lysine. Before the experiment, 0.3 mM of the radiolabeled substrate [ 3 H]MPP þ was added to the cells and incubated for 20 min at 37 1C.
The coverslips were transferred to small chambers (volume ¼ 0.2 ml) and superfused with Krebs Ringer HEPES buffer (120 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 20 mM glucose, 10 mM HEPES, pH 7.4) at room temperature (25 1C) at a rate of 0.7 ml/min for 45 min to establish basal efflux. After basal efflux had stabilized, the experiment was initiated, with the collection of fractions every 2 min. After 6 min, monensin (25 mM) or control buffer was added to the cells. After 14 min, amphetamine (3 mM for HEK293-DAT cells), p-chloroamphetamine (3 mM for HEK293-SERT cells), or MDPV (3 mM for both transporters) was added. Finally, the remaining radioactivity was recovered by superfusing the cells for 6 min with 1% SDS. Drug-induced release of radioactivity at any time point was compared with the amount released in the absence of drugs and is expressed as percentage released.
Fast-Scan Cyclic Voltammetry in Mouse Striatal Slices
Mice were euthanized by cervical dislocation, and the brains were rapidly removed and placed in ice-cold, high-sucrose artificial cerebrospinal fluid. Coronal hemisections (280 mm) containing the striatum were cut using a vibratome (Leica VT1000S, Buffalo Grove, IL, USA). Slices were incubated in standard oxygenated artificial cerebrospinal fluid at 34-35 1C for 20-30 min, then allowed to stabilize at room temperature for 30 min before initiating recordings. During recordings, slices were continuously superfused with artificial cerebrospinal fluid at a rate of 2 ml/min and maintained at 28-30 1C. Fast-scan cyclic voltammetry was performed as described previously (Chen et al, 2008; Good et al, 2011) . Carbon fibers (7 mm diameter) were vacuum-aspirated into borosilicate glass pipettes and cut so that B25-30 mm of exposed surface protruded from the pipette tip. Pipettes were back filled with a 4 M potassium acetate/150 mM KCl solution and connected to a holder/headstage assembly. Voltammetric scan and stimulation timing protocols were performed using PCI-based A/D boards and custom software (courtesy of Dr Mark Wightman, University of North Carolina). Scans consisted of sweeps from À 0.4 to 1.0 V and back to À 0.4 V, at a rate of 400 V/s, and were obtained every 100 ms. A 5-s (50 scan) control period preceded each electrically evoked response and was used to obtain a background current that was digitally subtracted from the current obtained during the peak of the response. Currents were converted to concentrations based on in vitro calibration curves for each electrode using 1-5 mM dopamine. Under stereoscopic magnification, carbon fibers were lowered to a depth of B100 mm in the dorsal striatum. A bipolar stimulating electrode was positioned B75-100 mm from the carbon fiber. In order to construct cumulative concentrationresponse curves, three predrug baseline signals were first obtained using both single-pulse (1 ms, 150-200 mA) and pulse-train stimulation (5 Â 1 ms pulses, delivered at 25 Hz). Single-pulse responses were then monitored every 90 s during drug application. At the end of each drug application period (12-15 min), three post-drug pulse train (25 Hz) responses were obtained. At least four drug concentrations were obtained in each slice.
In Vivo Microdialysis in Rats
Microdialysis sampling was carried out in male rats as described, with minor modifications (Baumann et al, 2012) . Rats were anesthetized with sodium pentobarbital (60 mg/ kg, i.p.) and received a surgically implanted jugular catheter and an intracranial guide cannula aimed at the nucleus accumbens. Rats were allowed at least 1 week for recovery from surgery. On the evening before an experiment, a 2 Â 0.5-mm dialysis probe (CMA/12, Harvard Apparatus, Holliston, MA, USA) was inserted into the guide cannula, and an extension tube was attached to the jugular catheter. Each rat was placed into its own enclosure and connected to a tethering system. Probes were perfused overnight with Ringers' salt solution pumped at a flow rate of 0.6 ml/min. On the next morning, dialysate samples were collected at 20-min intervals. Samples were immediately assayed for dopamine by HPLC-ECD as described elsewhere (Baumann et al, 2011) . Rats were randomly assigned to groups receiving either drug or saline injections. Once three stable baseline samples were obtained, rats received two sequential intravenous (i.v.) injections of drug: one dose at time zero, followed by a threefold higher dose 60 min later. Control rats received sequential i.v. injections of saline (1 ml/kg) according to the same schedule. Microdialysis samples were collected every 20 min throughout the post-injection period of 120 min. At the end of the experiments, rats were euthanized with CO 2 and decapitated. The brain sections were examined to verify placement of microdialysis probe tips within the nucleus accumbens. Only those rats with correct placements were included in data analyses.
Locomotor Activity Testing in Rats
Six male rats were used for locomotor activity experiments, which were carried out according to published procedures (Schindler and Carmona, 2002) . Six identical locomotor 3,4-Methylenedioxypyrovalerone and monoamine transportersactivity monitors (MED Associates, St. Albans, VT, USA) were enclosed in three sound-attenuation chambers (BRS/ LVE, Laurel, MD, USA). A smaller 42 Â 42 cm Plexiglas chamber was situated inside each locomotor activity monitor. Each monitor consisted of a 16 Â 16 infrared photocell array. The monitors were interfaced to a computer that tabulated distanced traveled (in cm) or stereotypy (in counts). Stereotypy was defined as the repeated interruption of the same photocell beam within 2 s. Rats were placed in the activity monitor every weekday for 1 h, at the same time each day, for 7 days before drug testing to allow for habituation to the monitor and to stabilize activity levels. This procedure was carried out to minimize the effects of novelty and light cycle on the results obtained (Halberstadt et al, 2012 ). Rats were then tested with subcutaneous (s.c.) injections of saline, MDPV (0.1-3.0 mg/kg), or cocaine (3-17 mg/kg) given 5 min before being placed in the activity monitor. Drugs were given no more frequently than two times per week. Rats continued to be placed in the activity monitor for 1 h on other days of the week and at least two non-injection sessions typically separated drug injections. Group results for saline treatment were acquired twice, once during testing of MDPV and once during testing with cocaine.
Telemetric Assessment of Cardiovascular Parameters in Rats
Four male rats were used in the telemetry experiments. Surgery was performed to implant telemetry transmitters (Model PA-C40, Data Sciences International, St. Paul, MN, USA) for the measurement of heart rate and blood pressure as described elsewhere (Tella et al, 1999) . Briefly, under isoflurane anesthesia, a 4-cm incision was made along the midline of the abdomen and the descending aorta was exposed. The catheter of the transmitter was inserted about 2 cm into the aorta, the area was dried, and a drop of adhesive was applied to the catheter entry point. The transmitter was sutured to the abdominal musculature, then the abdominal incision and the skin were closed. Rats were singly housed post-operatively and given 2 weeks to recover. All testing occurred in a room separate from the housing room. Testing was typically performed 5 days per week (Monday-Friday) at approximately the same time each day for any individual animal. During the experimental session, the home cage (with food and water removed) was placed on top of the telemetry receiver. Three telemetry receivers were located in three separate but identical sound-attenuation chambers. Heart rate and mean arterial blood pressure were sampled every minute and were monitored for 2 h. Pre-experiment habituation testing was carried out until control cardiovascular parameters were stable from session to session. Animals were then given an s.c. injection of saline just before placement of the cage on the telemetry receiver, at least 2 times per week, until cardiovascular parameters following saline injection remained stable. The cardiovascular response to the injection of saline was indistinguishable from that observed when the animals were placed in the telemetry chamber with no previous injection. Testing then began with MDPV or cocaine, with test drugs given s.c. no more frequently than 2 times per week, usually on Tuesdays and Fridays, with control saline injections given on Thursdays.
Data Analysis and Statistics
All statistical analyses were carried out using GraphPad Prism (v. 5.0; GraphPad Scientific, San Diego, CA, USA). For synaptosome assays, IC 50 values for inhibition of uptake and EC 50 values for stimulation of release were calculated based on non-linear regression analysis. Time course data from the superfusion experiments, comparing effects of monensin with control, were evaluated by twoway analysis of variance (dose Â time) followed by Bonferroni's post hoc test. For the voltammetry experiments, drug-evoked responses for each drug concentration were analyzed by subtracting the control predrug curve from the postdrug curve (DA drug À DA control ), and performing an area-under-the-curve (AUC) analysis. In this way, changes in both the peak amplitude and time course of the responses could be normalized across all recordings. The dose-response AUC data for MDPV and cocaine were compared by non-linear regression. Neurochemical data from microdialysis experiments were normalized to percentage baseline (based on three preinjection samples) and evaluated using two-way analysis of variance (dose Â time) followed by Bonferroni's post hoc test. For the locomotor studies, the total distance traveled and the number of stereotypic movements were summed across the 1-h testing period to construct dose-effect curves for MPDV and cocaine. Onefactor analysis of variance (dose) followed by NewmanKeuls post hoc test was used to determine significant effects of each drug as compared with saline control. The telemetry data were collapsed across the 2-h sampling period to yield mean heart rate (beats/min) and mean blood pressure (mm Hg) at each drug dose. These parameters were used to construct dose-effect curves, which were analyzed by one-factor analysis of variance (dose) followed by Newman-Keuls post hoc test. Differences between peak effects of MDPV vs cocaine were assessed by unpaired t-tests. Po0.05 was the minimum criterion for statistical significance.
RESULTS
MDPV is a Potent Catecholamine-Selective Transporter Blocker
We examined the ability of MDPV, cocaine, and amphetamine to block uptake of [ Figure 2a , c, and e illustrate that MDPV is a potent uptake blocker at DAT and NET, with weaker effects at SERT. When compared with cocaine, MDPV is 50-times and 10-times more potent as an uptake blocker at DAT and NET, respectively (see Table 1 ). MDPV and other test drugs are fully efficacious as uptake blockers at all three transporters. MDPV and amphetamine display high selectivity for inhibition of catecholamine uptake, whereas cocaine, mephedrone, and methylone are non-selective.
MDPV is Not a Transporter Substrate
It is well established that traditional uptake inhibition assays cannot distinguish between drugs acting as transporter blockers vs those acting as substrates (ie, releasers; Rothman et al, 2001; Rothman et al, 2003b) . Therefore, we performed additional experiments to evaluate the effects of MDPV and related test compounds in transporter-release assays that can distinguish between blockers and substrates.
In the release experiments, [ 3 H]substrates are 'preloaded' into synaptosomes before addition of test drugs, which then evoke non-exocytotic release via reverse transport. (Table 1) . With regard to transporter selectivity, amphetamine is a highly selective releaser at DAT and NET, whereas mephedrone and methylone are relatively non-selective releasers.
We surmised that the low-efficacy releasing activity of MDPV is actually related to uptake blockade. To test this hypothesis, we examined the effects of MDPV on efflux of [ 3 H]MPP þ in HEK cells stably expressing human DAT or SERT. In the superfusion experiments, cells are pretreated with the Na þ /H þ ionophore monensin, which alters ionic gradients to increase cytoplasmic Na þ (Mollenhauer et al, 1990; Turetta et al, 2004) . Monensin is known to facilitate reversal of normal transporter flux, thereby markedly enhancing the releasing capability of transporter substrates but not uptake blockers (Scholze et al, 2000) . Figure 3a demonstrates that MDPV produces a modest low-efficacy efflux of [ Figure 3b ). Analogous results are found in HEK cells expressing SERT, where monensin has no effect on MDPVinduced efflux of [
H]MPP
þ but enhances the efflux produced by the SERT substrate p-chloroamphetamine (data not shown). The findings from HEK cells provide decisive evidence that effects of MDPV on efflux are due to uptake blockade rather than release.
MDPV Inhibits Dopamine Clearance in Mouse Striatal Slices
Once we were confident that MDPV acts as a pure uptake blocker, it seemed prudent to carry out further experiments comparing effects of MDPV to those produced by the classic uptake blocker cocaine. To this end, we assessed effects of MPDV and cocaine on dopamine clearance using fast-scan cyclic voltammetry in mouse striatal slices (Chen et al, 2008; Good et al, 2011) . In these experiments, release of endogenous dopamine is elicited by trains of stimulation (5 Â 1 ms pulses, 25 Hz) designed to mimic burst firing of dopamine neurons (Hyland et al, 2002) . After obtaining stable baseline responses, increasing concentrations of MDPV or cocaine are applied while continuing to monitor the response every 90 s. Representative examples of raw voltammetric signals are shown in Figure 3c and d, while dose-response curves comparing overall effects of MDPV and cocaine on dopamine clearance are depicted in Figure 3e and f. Both MDPV and cocaine increase the amplitude of the dopamine signal and slow its decay. However, MDPV produces a much more robust shift in the shape of the curve than cocaine, resulting in a significantly greater amount of dopamine detected by the carbon fiber electrode (Figure 3e ). When comparing AUC values of normalized voltammetric data, MDPV (EC 50 ¼ 115 ± 17 nM) is significantly more potent than cocaine (EC 50 ¼ 308 ± 75 nM) at inhibiting dopamine clearance (F[1,55] ¼ 15.32, Po0.001; Figure 3f ).
MDPV is More Potent and Efficacious than Cocaine In Vivo
Given the potent effects of MDPV on dopamine clearance, we predicted that the drug would have powerful cocainelike actions in vivo. Using microdialysis sampling in conscious rats (Baumann et al, 2012) , we compared the effects of MDPV and cocaine on extracellular dopamine levels in nucleus accumbens. 3,4-Methylenedioxypyrovalerone and monoamine transporters MH Baumann et al elevated above saline control for at least 60 min postinjection (Po0.05, Bonferroni's), whereas the response to a 3.0-mg/kg cocaine returns to baseline by 40 min postinjection. Figure 4c and d illustrate the effect of MDPV and cocaine on locomotor activity in rats. In these experiments, rats receive s.c. injection of drug or saline (zero dose) and are placed into enclosures equipped with photobeam sensors that detect movements (Schindler and Carmona, 2002) . Figure 4c shows that MDPV elicits dose-related stimulation of forward locomotion (ie, distance traveled; F[4,25] ¼ 15.32, Po0.0001) and cocaine has a similar effect (F[3,20] ¼ 4.14, Po0.01). MDPV is more potent than cocaine, as the threshold dose of MDPV that stimulates significant forward locomotion is 0.3 mg/kg (Po0.05, Newman-Keuls), compared with 10 mg/kg for cocaine (Po0.05, Newman-Keuls). Figure 4d demonstrates that stereotypy is significantly increased by administration of MDPV (F[4,25] ¼ 26.31, Po0.0001) and cocaine (F[3,20] ¼ 7.68, Po0.001). The threshold dose of MDPV capable of stimulating significant stereotypy is 0.3 mg/kg (Po0.05, Newman-Keuls), while the threshold dose for cocaine is 3 mg/kg (Po0.05, Newman-Keuls). It is important to note that MDPV is more efficacious than cocaine in both locomotor assays. Specifically, MDPV induces significantly greater peak effects than cocaine with regard to distance traveled (Po0.001, t-test; effect of 3.0 mg/kg MDPV vs 10 mg/kg cocaine) and stereotypy (Po0.001, t-test; effect of 3.0 mg/kg MDPV vs 10 mg/kg cocaine). We assessed cardiovascular actions of MDPV in conscious rats bearing surgically implanted telemetric devices (Tella et al, 1999) . The data in Figure 4e and (F[3,20 ] ¼ 1.10, P ¼ 0.37). MDPV elicits a significantly greater peak effect than cocaine with respect to heart rate (Po0.01, t-test; effect of 3.0 mg/kg MDPV vs 10 mg/kg cocaine) but not blood pressure (P ¼ 0.23, t-test; effect of 3.0 mg/kg MDPV vs 10 mg/kg cocaine).
DISCUSSION
The primary goal of the present study was to provide a systematic evaluation of the mechanism and pharmacological effects of MDPV, a primary constituent of psychoactive bath salts sold on the internet and in retail shops (Ross et al, 2011; Spiller et al, 2011) . A variety of designer cathinone derivatives and other substances (eg, caffeine) can be found in bath salts products, but MDPV is the main compound detected in biological fluids from patients admitted to emergency departments for bath salts overdose in the United States (Borek and Holstege, 2012; Kyle et al, 2011; Murray et al, 2012; Spiller et al, 2011) . We found that MDPV is a catecholamine-selective transporter blocker that is much more potent than cocaine when assessed using in vitro transporter assays. In contrast to other bath salts compounds like mephedrone and methylone, MDPV is not a transporter substrate. Thus, MDPV displays a profile of monoamine transporter activity that is similar to the structurally related compound pyrovalerone (Meltzer et al, 2006; Tidjane Corera et al, 2001; Vaugeois et al, 1993) . Consistent with the potent blockade of dopamine uptake, MDPV inhibits dopamine clearance in mouse striatal slices and elevates dialysate dopamine concentrations in rat nucleus accumbens. Importantly, MDPV is at least 10 times more potent than cocaine in assays measuring motor hyperactivity and cardiovascular stimulation in vivo.
A critical secondary aim of the present study was to ascertain whether MDPV functions as a monoamine transporter substrate (ie, like amphetamine) or blocker (ie, like cocaine). This distinction in molecular mechanism is essential to determine for at least three reasons: (1) transporter substrates, but not blockers, are translocated into cells and evoke non-exocytotic release of transmitters via reverse transport (Rothman and Baumann, 2003a; Sitte, Freissmuth, 2010) ; (2) transporter substrates, but not blockers, are known to produce long-term deficits in monoamine neurons that are often viewed as neurotoxicity (Baumann et al, 2007; Fleckenstein et al, 2007) ; and (3) Figure 4 Effects of MDPV and cocaine on extracellular dopamine in nucleus accumbens, locomotor activity and cardiovascular parameters in conscious rats. For microdialysis studies (a, b), rats received i.v. injection of MDPV (a) or cocaine (b) at time zero (see t ¼ 0-min arrows), followed by a threefold higher dose 60 min later (see 60-min arrows). Vehicle controls received i.v. saline injections on the same time schedule. Dialysate DA data are percentage of basal expressed as mean ± s.e.m. for N ¼ 6-7 rats/group. *Po0.05 compared with saline vehicle at a particular time point (Bonferroni's test). For locomotor studies (c, d), rats received s.c. injection of MDPV, cocaine, or saline vehicle and were placed into chambers equipped with photobeams. Distance traveled (c) and stereotypic movements (d) were measured for 1 h post-injection. Data are mean± s.e.m. for N ¼ 6-7 test sessions/dose. *Po0.05 compared with salinetreated control (Newman-Keuls test). For the cardiovascular measurements (e, f), rats bearing surgically implanted telemetric sensors received s.c. injection of MDPV, cocaine, or saline vehicle. Heart rate (e) and blood pressure (f) were measured for 2 h post-injection. Data are mean±s.e.m. for N ¼ 6-7 test sessions/dose. *Po0.05 compared with saline-treated control (Newman-Keuls test).
3,4-Methylenedioxypyrovalerone and monoamine transporters MH Baumann et al there are conflicting reports in the literature regarding the precise interactions of designer cathinones with monoamine transporters (Baumann et al, 2012; Cozzi et al, 1999; Hadlock et al, 2011; Martinez-Clemente et al, 2011; Nagai et al, 2007; Sogawa et al, 2011) . Our results from in vitro experiments in synaptosomes confirm that uptake inhibition assays can identify drugs which interact with transporter proteins. However, uptake assays cannot discriminate between drugs which act as blockers or substrates because both types of drugs are fully efficacious in their ability to reduce the accumulation of [ 3 H]transmitter in synaptosomes (see Figure 2a , c, and e). Results from the release assays, on the other hand, uncover obvious differences among the various drugs tested (see Figure 2b , d, and f). In particular, MDPV and cocaine exhibit lowefficacy 'partial'-releasing actions at DAT and NET (ie,o30% of maximal release), whereas amphetamine, mephedrone, and methylone are fully efficacious in their ability to evoke release of preloaded [ (Baumann et al, 2012; Nagai et al, 2007; Sogawa et al, 2011) . Based on previous observations, we surmised that the apparent releasing effects of MDPV and cocaine are secondary to uptake blockade, rather than substrate activity per se. For example, we have shown that established uptake blockers like GBR12909 and indatraline display low-efficacy releasing effects in synaptosomes (Rothman and Baumann, 2003a; Rothman et al, 2001 ). The partial releasing activity of uptake blockers is presumably related to the passive 'leak' of radiolabeled substrates from synaptosomes, a phenomenon that is normally counteracted by ongoing transportermediated uptake. In the presence of transporter blockers, the leak is unmasked and gives the illusion of drug-induced release. In support of this notion, Scholze et al (2000) demonstrated that the serotonin uptake blocker imipramine evokes low-efficacy efflux of [ 3 H]serotonin from HEK cells expressing human SERT. In that same publication, pretreatment with the Na þ /H þ ionophore monensin markedly enhanced the efflux of [ 3 H]MPP þ produced by the SERT substrate p-chloroamphetamine without influencing the effects of SERT blockers. Here we report that monensin dramatically augments amphetamine-induced efflux of [ 3 H]MPP þ from DAT-expressing cells, whereas the ionophore has no effect on MDPV-induced efflux under identical conditions (compare Figure 3a and b) . Thus, monensin clearly differentiates the mechanism of efflux produced by amphetamine from that produced by MDPV. Taken together, the in vitro findings provide compelling evidence that MDPV functions as a 'pure' transporter blocker rather than a substrate. The present results also highlight the utility of monensin as a reliable tool to discriminate transporter substrates from blockers in cells stably expressing transporter proteins.
Our in vitro data reveal a clear mechanistic dichotomy among the most common bath salts constituents: namely, ring-substituted analogs of methcathinone like mephedrone and methylone act as transporter substrates, whereas pyrrolidinophenones like MDPV act as transporter blockers. There are notable differences in transporter selectivity across this group of compounds as well. Mephedrone and methylone are non-selective transporter substrates that produce neurochemical effects akin to those produced by MDMA (Baumann et al, 2012; Kehr et al, 2011) . By contrast, MDPV is a catecholamine-selective uptake blocker. The presence of a 3,4-methylenedioxy ring-substitution in MDPV does not confer serotonergic activity as observed with MDMA and methylone (Baumann et al, 2012; Baumann et al, 2007) . Indeed, MDPV displays more than 100-fold greater potency at DAT and NET when compared with SERT. Such findings suggest that ring-substituted analogs of methcathinone will produce MDMA-like behavioral effects, while pyrrolidinophenones will be more stimulant-like in their profile of actions. In agreement with this proposal, recent findings in rats have shown that wheel-running behavior produced by mephedrone is MDMA-like, while that produced by MDPV is more methamphetamine-like (Huang et al, 2012) . Additional investigations are warranted to compare the effects of ring-substituted cathinones and pyrrolidinophenones in animal models and in human subjects under controlled laboratory conditions.
Using fast-scan cyclic voltammetry, we found that MDPV exhibits powerful dose-related effects on dopamine clearance. Specifically, MDPV and cocaine inhibit dopamine clearance in a manner consistent with the dopamine uptake blockers (John and Jones, 2007) , but MPDV is more potent and efficacious (Figure 3c-f) . As is typically observed in cyclic voltammetry experiments, uptake inhibition results in a large increase in the magnitude of evoked dopamine signal and a profound broadening of the dopamine decay curve (Schmitz et al, 2001) . MDPV causes a much greater increase in the dopamine AUC response when compared with cocaine ( Figure 3e ). The mechanistic explanation for the heightened efficacy of MDPV in the slice preparation is not known, but we hypothesize that the potency of MDPV might be a critical factor. Owing to its high potency at DAT, MDPV may display a slow dissociation from the site (ie, persistent binding), thereby augmenting and extending its pharmacological effects. In fact, previous voltammetric studies have shown that high-affinity dopamine uptake blockers like nomifensine and GBR12909 produce marked inhibition of dopamine clearance that mirrors the effects of MDPV shown here (Bull et al, 1990; Schmitz et al, 2001) . It also remains possible that MDPV interacts with nontransporter sites of action, which further enhance its effects on dopamine clearance, and this proposal warrants examination.
In vivo microdialysis methods were used to compare the effects of MDPV and cocaine on extracellular dopamine in the nucleus accumbens, a brain region implicated in addictive properties of drugs (Bonci et al, 2003; Willuhn et al, 2010) . As predicted from the in vitro findings, both drugs elicit dose-related increases in dialysate dopamine, but MDPV is at least 10 times more potent than cocaine in this regard (Figure 4a and b) . Furthermore, the rise in extracellular dopamine associated with MDPV is sustained when compared with the short-lived effects of cocaine. It is well established that drug-induced elevations in extracellular dopamine in the nucleus accumbens are involved with locomotor-activating properties of stimulant drugs (Ikemoto, 2002; Pennartz et al, 1994) . Our previous 3,4-Methylenedioxypyrovalerone and monoamine transportersexperiments examining stimulant drug effects in rats have shown strong positive correlations between dialysate dopamine responses and the extent of hyperactivity (Baumann et al, 2011; Zolkowska et al, 2009 ). The present data show that MDPV produces robust dose-related forward locomotion and stereotypy. Consistent with the voltammetric findings, locomotor effects of MDPV are much greater in magnitude than the comparable effects of cocaine (see Figure 4c and d) . Collectively, the potent and efficacious actions of MDPV on extracellular dopamine and motor activity suggest a high potential for abuse. The fact that MDPV has weak effects on SERT may further enhance its reinforcing properties, as substantial evidence indicates that elevations in synaptic 5-HT can dampen stimulant effects mediated by DA (Wee et al, 2005; Baumann et al, 2011) . A recent study by Watterson et al (2012) demonstrates that MDPV is readily self-administered by rats, and the range of self-injected doses (0.05-0.20 mg/ kg, i.v.) agrees well with the i.v. doses shown here to elevate dialysate dopamine. Two of the most serious side-effects of bath salts ingestion in human users are acute tachycardia and hypertension (Ross et al, 2011; Spiller et al, 2011) . Here we compared the effects of MDPV and cocaine on cardiovascular parameters in conscious rats. Similar to its effects on other in vivo endpoints, MDPV is more potent than cocaine in its ability to increase heart rate and blood pressure.
Our preclinical findings may have important implications for people who take bath salts products for recreational purposes. The potent blockade of dopamine uptake caused by MDPV predicts that the drug has a high risk for abuse, whereas the potent blockade of norepinephrine uptake portends dangerous cardiovascular stimulation. Patients admitted to emergency departments for bath salts overdose, who have toxicological verification of MDPV consumption, display symptoms, including agitation, psychosis, violent behavior, hyperthermia, and tachycardia (Borek and Holstege, 2012; Kyle et al, 2011; Murray et al, 2012; Spiller et al, 2011) . The constellation of adverse effects produced by high-dose MDPV resembles the life-threatening excited delirium syndrome associated with acute cocaine toxicity (Mash et al, 2009; Ruttenber et al, 1997) . Accordingly, the preclinical findings in the present study, demonstrating powerful cocaine-like actions of MDPV, suggest that efforts to remediate symptoms of bath salts overdose should aim to manage excessive dopaminergic and noradrenergic stimulation. It is noteworthy that new legal cathinone-related compounds are being marketed to replace Schedule I drugs like MDPV, mephedrone, and methylone (Shanks et al, 2012) . Given the accumulating evidence that various bath salts constituents display unique interactions with monoamine transporters and possibly other targets, it seems reasonable to assume that determining the pharmacology of 'second-generation' replacement cathinones will require empirical investigations on a caseby-case basis.
